Electrical conductivity, Hall effect and magnetoresistance of In 2 O 3 :Sn thin films deposited on a glass substrates at different temperatures and oxygen pressures, as well as the films treated in a hydrogen plasma, have been investigated in the temperature range 1.5-300 K. The observed temperature dependences of resistivity were typical for metallic transport of electrons except temperature dependence of resistivity of the In 2 O 3 :Sn film deposited in the oxygen deficient atmosphere. The electron concentration and mobility for the film deposited at 230
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• C was larger than that for the film deposited nominally at room temperature. Short (5 minutes) treatment of the films in hydrogen plasma leads to the enhancement of electrical conductivity while longer (30 minute) treatment has the opposite effect. The electrical measurements were accompanied by AFM and SEM studies of structural properties, as well as by XPS analysis. Basic on structural and electrical measurements we conclude the reduction process initiated by the hydrogen plasma provides essential modification of the ITO films surface. At the same time, electrical properties of the remaining (located beneath the surface layer) parts of the ITO films remain mostly unchangeable. XPS analysis shows that grown in situ oxygen deficient ITO films have enhanced DOS between the Fermi level and the valence band edge. The extra localized states behave as acceptors leading to a compensation of n-type ITO. That can explain lower n-type conductivity in this material crossing over to a Mott-type hopping.
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I. INTRODUCTION
Tin-doped indium oxide (ITO) is well known as having the best combination of large optical transparency in the visible range and high electrical conductivity comparing to other transparent conducting oxides, such as SnO 2 :F, ZnO:Al.
1 Therefore this material is widely used as transparent electrode in displays, 2 solar cells, 3 and as a heat filter 1 due to its high reflectivity in infrared range caused by the presence of conducting electrons. Large electrical resistivity of transparent electrodes limits the efficiency of relevant electronic devices. Therefore, decreasing the resistivity of In 2 O 3 :Sn films without noticeable drop of transparency remains an important practical task. Since the conducting properties of indium oxide films essentially depend on the preparation conditions 4 optimization of these conditions can pave a way to the resistivity reduction. A proper optimization requires understanding of the influence of different factors, like substrate temperature, atmosphere composition, etc. on electron transport in such films.
Depending on the processing conditions thin ITO films (∼ 80 nm) have different surface morphologies at nanoscale; they can be either amorphous or nanocrystalline (or combination of both) in depth. [5] [6] [7] [8] [9] In some cases the films consist of nanograins separated by insulating barriers. As a result, electrical properties of ITO layers processed, e.g., by wet chemical methods can significantly differ. 10 Therefore, it is important to analyze the transport properties of the ITO layers prepared by physical methods, which are commonly used for the device processing. The most popular method is magnetron sputtering of ITO layers from metallic InSn or sintered ITO targets. It is well known that structural properties of ITO layers can be essentially modified by hydrogen plasma treatments. The plasma treatment results in formation of nanostructured films due to chemical reduction of indium and tin oxides to their corresponding metallic elements. [11] [12] [13] [14] [15] [16] Since the reduction process under special conditions can lead to formation of nanostructured film 16 one can expect the electrical properties, especially at low temperatures, will significantly differ from those of the stoichiometric ITO layers.
Low-temperature electrical properties of both as deposited and heat treated ITO layers were investigated in a number of works. [17] [18] [19] [20] In particular, Hall measurements 17 of highly conductive ITO films prepared by DC magnetron sputtering on glass substrates in the temperature domain 6-300 K revealed metallic behavior. Systematic measurements of resistivity 18 between 1.8 and 
20
Electrical resistance and thermopower of a set of RF sputtered and annealed ITO films were measured from 300 K down to liquid-helium temperatures in Ref. 21 . According to these measurements, between 150 and 300 K the film resistance can be interpreted along the classical theory of metallic conductance. At lower temperatures, quantum contributions to the conductivity become important. They can be interpreted as manifestation of weak-localization effects and electron-electron interaction in two-dimensional systems. 21 Thus, electrical properties of ITO layers can be affected by the level of disorder or the presence of nanograins.
The present work is aimed to clarify the influence of hydrogen plasma and oxygen deficiency on the low temperature conducting properties of In 2 O 3 :Sn films deposited by magnetron sputtering on glass substrates. We are not aware of previous similar studies. We report here the results of the investigation of electrical resistivity, Hall effect and magnetoresistance in the temperature range from 1.3 to 293 K for tin doped indium oxide films deposited and treated at different conditions.
II. EXPERIMENTAL
Thin (70-80 nm) ITO layers were deposited on Corning glass by DC magnetron sputtering at 230
• C (ITO-230) and at nominally room temperature (ITO-RT). In the latter case, some unintentional heating up to ∼60
• C occurred during the deposition process. An ITO sintered target with In 2 O 3 and SnO 2 in a weight proportion of 9:1 was used. The base pressure in the sputter system was about 10 −5 Torr. The total pressure of sputtering gas mixture was adjusted at 3 · 10 −3 Torr during the film preparation. The Ar flow rate and the DC plasma power were kept constant of 38 standard cubic centimeters per minute (sccm) and 100 W respectively at all deposition temperatures. Oxygen deficient ITO layers were processes by two methods: (i) sputtering of an In/Sn target in a reduced oxygen ambient, (ii) hydrogen plasma treatment, which provides reduction conditions for any oxide.
To produce an oxygen deficient ITO layer we used a metallic In/Sn target for a single magnetron powered in DC mode in combination with the Plasma Emission Monitor (PEM) control. 22 The value of the PEM set point was reduced twice compared to that for the processing of the ITO layers with highest transmittance and lowest resistivity. Optical properties of this oxygen deficient ITO layer have been reported in Ref. 7 where such films were investigated to study the effect of oxygen deficiency on the electron transport. To investigate the influence of atomic hydrogen on the properties of the ITO-230 layers we performed hydrogenation of the samples in a PECVD setup using a 13.56 MHz plasma generator. The RF plasma density during the hydrogenation process was 0.04 W/cm 2 , while the ignition of plasma was done at higher densities (above 0.1 W/cm 2 ). At the stage of the plasma ignition the samples were removed from the plasma area and then reintroduced after stabilization of the discharge at the density of 0.04 W/cm 2 with a hydrogen gas flux of 200 sccm.
The surface morphology of the ITO layers was analyzed by AFM using a Digital Instruments Nanoscope Dim 3100 microscope 23 equipped with spreading resistance measurement electronics. The following four characteristic parameters for the analysis of the AFM measurements were used: (i) the Root Mean Square (RMS) Roughness (R q ), which gives the standard deviation within a given area; (ii) the Mean Roughness (R a ), which represents the arithmetic average of the deviations from the center plane; (iii) the difference in height between the highest and lowest points on the surface relative to the mean plane (h max ); (iv) the averaged differences of heights (h av ). 22 The AFM measurements were performed in the tapping mode using commercial silicon tips MikroMasch NSC35/AlBS with typical tip curvature radius < 10 nm. In some cases the surface morphology of ITO layers was also examined by scanning electron microscopy (SEM). Thickness measurements of as-grown and H + plasma treated ITO layers were carried out using a one-wavelength (λ = 633 nm) ellipsometry set up.
Analysis of X-ray photoelectron spectra (XPS) was performed on a KRATOS AXIS ULTRA DLD X-ray photoelectron spectrometer using monochromatic Al Kα radiation (hν = 1486.6 eV) at 15 kV and 10 mA. The pass energies for the survey and high resolution scan were 160 and 20 eV, respectively. Since the ITO films were deposited on insulating (glass) substrates the samples were mounted in a way ensuring an electrical contact with the sample holder and, therefore, with the spectrometer. Such a construction allows avoiding additional charge neutralization. The pressure of (3−6)×10 −9 Torr in the chamber was maintained during the analysis. Prior to the analysis the samples were slightly etched with Ar + (0.5 keV, 20 s) in order to remove C contamination and adsorbed O species.
Resistivity and Hall effect of the films have been measured by the conventional four probe method. For this purpose rectangle samples with typical dimensions 8×2 cm 2 were cut from substrates with deposited In 2 O 3 :Sn films. Electrical contacts were made from InSn alloy. For the measurements samples were mounted in the cryostat where the temperature was varied from 1.5 to 293 K. The Hall effect and magnetoresistance were measured in magnetic fields up to 0.7 T using an electromagnet, or in the field up to 6 T using a superconducting solenoid.
III. RESULTS AND DISCUSSION
A. Morphology of the ITO/glass layers AFM measurements of ITO-RT/glass structure show that the ITO layer is nanostructured having the following characteristics (nm):
At the same time, the ITO-230/glass structures consist of grains, which are completely flat on the nanoscale. More detailed AFM analysis of these samples were presented in Ref. 7. According to previous TEM studies, 5 the ITO films deposited at room temperature on Si substrates are amorphous having some crystalline inclusions. The films deposited at 230
• C from mixed oxide target consist of clearly seen crystalline grains with the size of 15-20 nm.
Shown Fig. 1 are 2D images for ITO-RT/glass structure after hydrogen plasma treatment at 230
• C for 5 min. The AFM characteristics are given in the figure captions. As one can see, the plasma-treatment-induced chemical reduction leads to formation of a nanostructure. Longer (30 min) plasma treatment leads to formation of metallic grains with the size of few microns (Fig. 2) in agreement with Refs. 11-16. One can conclude that the reduction process initiated by the hydrogen plasma provides essential modification of the surface of the ITO films. According to the results of the electrical measurements presented below, the modification of the surface layer does used to calculate electron concentrations n, mobilities µ, Fermi energies ε F , and electron mean free path l using conventional expressions valid for Fermi statistics:
(1) Here ρ and ρ H are the resistivity and the Hall resistivity, respectively; B is the magnetic field, d is the film thickness, e is the elementary charge, m * is the electron effective mass. Calculated values are listed in Table I For all films deposited from a metal target the estimated mean free path is significantly shorter than the film thickness, and the estimated Fermi energy is much greater than the thermal energy not only at 4.2 K, but even at room temperature (0.026 eV). Therefore usage of Eq. (1) valid for a three dimensional degenerate electron gas is justified.
C. Temperature dependence of resistivity
All the films deposited from the baked oxide In 2 O 3 :SnO 2 target show metal type temperature dependence of resistivity in the range 77-293 K, i.e., their resistivity increases with temperature. Typical temperature dependencies of the resistivity are shown in Fig. 4 . Temperature variation of the resistivity of the films deposited from an oxide target does not exceed 10%. For the films deposited at RT, resistivity exhibits a minimum near 100 K. The resistivity of the films deposited at 230
• C saturates below 100 K. At all temperatures, the resistivity of the films deposited at 230
• C is smaller than the resistivity of the films deposited at RT. According to the Table I this is mainly due to the higher electron mobility. This is consistent with previously reported data 24 as well with the fact that the films deposited at 230
• C are more crystalline.
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Treatment of the films in hydrogen plasma during 5 min lowers the resistivity of the films and increases electron concentration. The increase of electron concentration can be explained by the diffusion of protons inside Table I. the films. The protons can act as donors supplying additional electrons. 27 Longer (30 min) treatment of the In 2 O 3 :Sn films in hydrogen plasma reduces the electron concentration to the value close to the concentration in untreated films. The origin of this effect is unclear.
The resistivity of films deposited from a metal target in an atmosphere with reduced oxygen content increases while lowering the temperature (Fig. 5) . The low-temperature part of this dependence is consistent with the variable range hopping mechanism. 28 However, it is difficult to decide whether the hopping is two (2D) or three dimensional (3D). Below 80 K the experimental temperature dependence of the resistivity reasonably agrees with Mott's law for 2D systems:
The best fit of the experimental dependence to Eq. (2) yields T 0 = 87 K. This quantity can be used to estimate the lower limit for the localization length, r loc , using the expression:
where g loc (ε F ) is the (2D) density of localized states at the Fermi energy. As an upper limit for this quantity we take the 2D density of extended states,
where m * = 0.35m 0 is the electron effective mass in In 2 O 3 , while m 0 is the free electron mass.
24 Substitution of Eq. (4) in Eq. (3) gives r loc = 35 nm. This is smaller, but comparable with the film thickness 80 nm. Below 20 K the temperature dependence of the conductivity can also be fitted by an expression derived for VRH in the presence of Coulomb gap near the Fermi energy:
In this expression ε 0 is the vacuum dielectric constant while ε d = 8.9 is the relative dielectric constant of indium oxide. 24 Best fit of the experimental temperature dependence of the resistivity by Eq. (5) is provided by T 1 = 20 K. This corresponds to the estimate r loc = 95 nm, which is more consistent with a 2D character of hopping conduction. Both estimates of the localization length are essentially larger than the effective Bohr radius, a * = 1.3 nm in In 2 O 3 .
26 This points to the fact that localized states responsible for hopping conductivity are formed by donor clusters or areas with enhanced donor density.
D. Magnetoresistance
The variation of the resistivity caused by magnetic field for the films deposited at 230
• C and treated in hydrogen plasma (films 3 and 4) is less than 0.01%, i.e., on the order of the noise level.
The magnetoresistance of the films 1 and 2 deposited at 25
• C and 230 • C is negative at low temperatures. Shown in Fig. 6 is the variation of the conductivity at 4.2 K as a function of magnetic field for the films 1 and 2. At B ≥ 0.1 T, magnetoconductivity is roughly proportional to ln B, the proportionality factor being close to 1 if the conductivity is calculated per square unit of the film and expressed in the units of G 0 = 1.233 × 10 −5 Ω −1 . The negative magnetoresistance can be understood in the framework of the theory of weak localization. An approximate expression for the magnetoconductivity of a quasi-2D electron gas reads as:
Here D is the electron diffusion constant, and τ ϕ is the phase relaxation time of the electron wave function. The Table I .
effective dimensionality of the weak localization problem is determined by comparison of the film thickness, d, with the diffusion length of an electron during the phase relaxation time, L ϕ = Dτ ϕ . Fitting of the experimental magnetoresistance with Eq. (6) yields L ϕ = 230 nm for the film deposited at 25
• C and 360 nm for the film deposited at 230
• C. Both values of L ϕ is essentially larger than the film thickness. Thus the interpretation of the magnetoresistance as quasi-2D is self-consistent.
The magnetoresistance of the film deposited from a metal target in the oxygen deficient atmosphere is shown in Fig. 7 . The magnetoresistance is negative, and its magnitude decreases when the temperature increases. A similar behavior was earlier observed in amorphous indium oxide. 30 Our In 2 O 3 :Sn film deposited from a metal target in the oxygen deficient atmosphere seems to be similar to the amorphous films studied previously. 30 The negative magnetoresistance (NM) in this film persists up to B=6 T. In such magnetic field the quantum magnetic length, l B = /eB, is equal to 10 nm. This value is essentially smaller than the estimated localization length obtained from the temperature dependence of the resistivity. The origin of the observed NM remains unclear. Most probable explanation would be either a reduction of the gap near the Fermi energy or an increase of density of states near the Fermi energy at the higher energy induced by magnetic field. Figure 8 shows the valence band spectra for the ITO-RT, ITO-230 and oxygen-deficient ITO/glass structures. One can see that the oxygen deficient film has larger density of states (DOS) between the Fermi level (E F , which is set at the origin for the energy axis) and the valence band edge (VB). These localized states serve as a sink for the electrons explaining lower n-type conductivity in the oxygen deficient material. In other words, such localized states near the VB can be considered as acceptor states, which cause compensation of the originally n-type ITO. It is worth noting that formation of such acceptor levels indicates that undoped oxygen deficient indium oxide can be a p-type material. Detailed studies of such materials fall out of the scope of the present work. We will present relevant results elsewhere. Shown in Fig. 9 are high resolution In 3d spectra for ITO films deposited as different conditions. According Table II , the quantification being based on the peak areas. We have studied the effects of substrate temperature, treatment in a hydrogen plasma and oxygen deficiency on the conducting properties of In 2 O 3 :Sn films. The increase of substrate temperature from RT to 230
E. XPS analysis
• C leads to essential increase of the electron mobility and film conductivity in agreement with earlier reported results. Short (5 min) treatment in a hydrogen plasma increases electron concentration, as well as the film conductivity. Longer (30 min) treatment in hydrogen plasma reduces the electron concentration.
It is established that the reduction process initiated by the hydrogen plasma provides essential modification of the ITO films surface. At the same time, electrical properties of the remaining (located beneath the surface layer) parts of the ITO films remain mostly unchangeable.
Grown in situ oxygen deficient ITO films have enhanced DOS between the Fermi level and the valence band edge. Formation of these localized states explains lower n-type conductivity in this material. The extra localized states can be considered as acceptors leading to a compensation of the n-type ITO. The oxygen deficient ITO films have reduced electron conductivity, which crosses over from the metallic mechanism to the hopping one. From this point of view such samples, which are n-type degenerate semiconductors, shows the behavior similar to that observed in several conventional Sibased highly doped semiconductor structures, such as Si:P, Si:Sb, Si:Se, and Si:S. [33] [34] [35] In particular, in these structures a low-temperature metal-to-insulator transition (MIT) was observed. In the insulator phase of these samples, the activation energy can be essentially affected by partial disordering. 35 On the contrary, properly prepared ITO structures -both polycrystalline (ITO-230) and amorphous (ITO-RT) -do not show any trace of the MIT. Therefore one concludes that the structural disorder weakly contributes to the electron scattering, which agrees with recent simulations 36 for pure and tin-doped indium oxide. The metallic character of the conductance indicates that in stoichiometric ITO structures the Fermi level is located in the conduction band at any temperature within the studied temperature domain. The transition to the insulating behavior occurs only in nonstoichiometric materials, such as those prepared under oxygen deficiency.
